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ABSTRACT 
 
Schlotman, Holly Lynn.  M.S., Department of Biological Sciences, 
Wright State University, 2011.  The Effects of Forest Fragmentation on the Reproductive 
Success of Spring Ephemeral Wildflowers and Their Pollinators. 
 
 
 
Low reproductive output has been shown in small, isolated populations of plants, and 
spring wildflowers in forest fragments may show a similar pattern. The goal of this study 
is to determine the impact of forest fragmentation on the reproductive success of three 
wildflowers: Cardamine concatenata, Delphinium tricorne, and Dicentra cucullaria.  A 
secondary goal was to determine the impact of forest fragmentation on bumblebees 
(Bombus spp.) since they are important spring pollinators.  Correlations and stepwise 
regression were used to determine the effects of forest fragment size on the reproductive 
success of each wildflower species, and also on the abundance and diversity of 
bumblebees.  Delphinium tricorne was the only species that showed a strong significant 
increase in reproductive success as forest fragment size increased.  The abundance and 
diversity of bumblebees was not significantly related to forest fragment size, but the 
reproductive success of Delphinium tricorne was significantly related to the abundance of 
bumblebees.  
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The Effects of Forest Fragmentation on the Reproductive Success of Spring 
Ephemeral Wildflowers and Their Pollinators 
 
INTRODUCTION 
 Forest fragmentation has been implicated in the loss of species diversity in forest 
habitats all over the world.  Concern has been raised over the ability of species to survive 
in small, isolated populations caused by forest fragmentation.  Plant species that are 
limited in their ability to disperse both pollen and seeds over long distances may be 
particularly vulnerable in fragmented habitats.   Southwestern Ohio is representative of 
the forest loss that has occurred in eastern North America.  Historically, Ohio’s forests 
were cleared for agriculture, timber, pasture, and urban development.   A consequence of 
this deforestation is the isolation and reduction in overall size of forested area in Ohio.  
As forest fragments shrink, so do the populations of plants inhabiting the remaining 
forests.  Studies of plant populations in fragmented habitats suggest that habitat 
fragmentation may negatively impact the reproductive success of plants (Aguilar 2006).   
Many studies of the effects of habitat fragmentation on plant reproductive success have 
been conducted in Europe, western North America, and tropical ecosystems 
(Oostermeijer et al. 2003; Wagenius et al. 2007; Aguirre and Dirzo 2008; Bowman et al. 
2008).   However, few studies attempting to connect forest fragmentation to reduced 
reproductive success have been conducted in the forests of eastern North America.  The 
goals of the present study are to determine if small forest fragment size reduces the 
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reproductive success of three spring ephemeral plants and if any reduction in success is 
associated with a decline in pollinator species.  I review the effects of habitat 
fragmentation on the reproductive success of plant species as well as the effect of habitat 
fragmentation on bumblebee species in North America to provide a rationale for the 
study conducted. 
Forest Fragmentation and Spring Ephemerals 
 The forests of southwestern Ohio are an ideal setting to study the effects of forest 
fragmentation on the reproductive success of plants.  Cincinnati and Dayton are rapidly 
expanding urban areas and the surrounding forests are divided and isolated by urban 
sprawl and agricultural lands.  Much of Ohio’s forests were cleared for agriculture and 
settlement and by 1910 only 10% of the original forest cover remained (Griffith et al. 
1993).  Laws encouraging reforestation and abandonment of farms have allowed the 
forest cover of Ohio to increase to greater than 30%.   However, in southwestern Ohio 
only 13% of the land has recovered to forest (Griffith et al. 1993).   The remaining forest 
patches of southwestern Ohio are frequently small and isolated from one another. 
The clearing of forests seen in Ohio’s woodlands has been implicated in the loss 
of diversity of spring ephemeral wildflowers in eastern deciduous forests (Meijer et al. 
1995).  In the southern Appalachians and the Cumberland Plateau, primary forests had 
higher species diversity of spring ephemerals than stands of forest that had been logged 
(Duffy and Meier 1992).  Duffy and Meier (1992) also found little recovery of spring 
ephemeral wildflowers after 47 to 87 years in secondary growth forests.  This loss of 
spring ephemeral diversity in disturbed forest could be due to destruction by forest 
clearing, physiological stress after a disturbance event, competition with weedy species, 
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low rates of reproduction and growth, slow rate of spread and dispersal, and loss of 
suitable habitat for seedlings (Meier et al. 1995).  Few studies have focused on how the 
reproductive strategies of spring ephemerals may contribute to their decline in the 
disturbed and fragmented forests of eastern North America.  Meier et al. (1995) suggests 
that the slow clonal spread, low rates of sexual reproduction, and limited dispersal ability 
of many spring ephemerals contribute to their decline in eastern North America.  Studies 
of other plant groups show that forest fragmentation reduces and isolates populations of 
plants living in forest habitats, and plants living in small isolated fragments may suffer 
from genetic consequences, limited dispersal, and disruption of pollinator services 
(Jennersten 1988; Ellstrand and Elam 1993; Rathcke and Jules 1993; Steffan-Dewenter 
and Tscharntke 1999; Spira 2001).  The current state of southwestern Ohio’s forests is an 
ideal setting to test how the reproductive success of spring ephemerals is affected by 
forest fragmentation, and how the reproductive strategies of the plants may contribute to 
their decline in fragmented landscapes.   
Small Populations and Reproductive Success 
Habitat fragmentation and isolation of small plant populations are a growing 
concern in the preservation of species and species diversity in North American forests.  
Plant populations that survive in forest fragments may decline further due to Allee effects 
in small populations.  These negative relationships between plant density and fecundity 
have been observed in many small, isolated plant populations (Bosch and Waser 1999; 
Willi et al. 2005;  Wagenius et al. 2007; Fisher et al. 2008; Glemin et al. 2008; Winter et 
al. 2008).   Some proposed causes for Allee effects include low mate availability, 
inbreeding depression, skewed sex ratios, and limited pollinator service (Courchamp et 
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al. 1999; Oostermeijer et al. 2003).  Self-incompatible breeding systems could be a factor 
associated with the decline of plants in heavily fragmented landscapes (Meier et al. 1995; 
Oostermeijer et al. 2003; Aguilar et al. 2006).  Self-incompatible plants may be at greater 
risk since they are unable to fertilize themselves and produce viable seed.  This 
reproduction strategy is generally advantageous because it promotes genetic diversity 
within a species.  However, in fragmented forests, self-incompatible plants are potentially 
mate limited in small populations, and are hypothesized to show decreased seed set in 
less dense populations.                 
Many North American spring ephemerals are self-incompatible and rely on insect 
pollination for sexual reproduction (Motten 1986).   A study of five rare European plants 
with traits similar to American spring ephemerals showed a negative relationship 
between population size and reproductive success (Winter et al. 2008).  Euphorbia 
palustris was exclusively self-incompatible and showed the greatest detriment to fitness 
with small population size, which is consistent with the findings of other studies 
(Wagenius et al. 2007; Glemin et al. 2008).   Even though the other four plants had the 
ability to self fertilize, they also showed a reduction in reproductive fitness in smaller 
populations.   Glemin et al. (2008) showed that a rare self-incompatible plant, Brassica 
insularis, had a significant difference in seed set and seed germination between small and 
large populations.  Wagenius et al. (2007) also showed reduced fecundity in small, 
isolated patches of Echinacea angustifolia growing in fragmented prairie patches.   
Fisher et al. (2003) studied both inbreeding depression and low mate availability 
in the self-incompatible plant, Cochlearia bavarica.  This species is a narrow endemic 
that exists in isolated fragments in Europe.  This experiment was performed by hand 
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pollinating plants to determine compatibility and fitness of progeny between populations.  
The development of seeds was reduced in smaller populations of the plants.  The lack of 
seed development suggests an Allee effect is present as a result of low compatible mate 
availability.  The poor performance of progeny from small populations of Cochlearia 
bavarica also suggests that some inbreeding occurs in smaller populations (Fisher et al. 
2003).  This inbreeding is likely due to the ability of some of the plants to fertilize closely 
related plants.  Complete self-incompatibility was not detected in the different 
populations, but the experimental crosses showed a reduction in mate availability in small 
populations since fruit set was positively correlated to population size.   In this case, the 
Allee effect was caused by low mate availability and inbreeding depression was related to 
a decrease in genetic diversity.  The extreme cases of self-incompatibility are plants that 
are obligately out-crossing species, and these species are most likely to be affected by a 
decrease in population size or a decrease in pollinator abundance.  
Pollinators in Fragmented Landscapes 
Pollen limitation is a frequently observed phenomenon in insect pollinated plants.   
Plants should be able to sample the genetic pool of potential mates through pollen 
transfer by pollinators (Ashman 2004).  However, small populations attract fewer 
pollinators, and plants in small populations may show reduced fecundity due to low 
pollinator service (Kunin 1997; Ishihama and Washitani 2007).  An aspect of pollinator 
behavior that may mitigate this effect is a tendency for pollinators to visit a higher 
percentage of flowers in smaller populations.  When populations are small, more flowers 
are visited within patches and therefore pollinator visitation may not be a factor 
associated with reduced fecundity.   Despite the fact that pollinators have been shown to 
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forage on a higher percentage of flowers in small populations, reductions of pollinator 
abundance and diversity may contribute to Allee effects seen in low density populations 
of self-incompatible plants.  In this case, pollinators and their dependent plants may 
decline together.   
The spring ephemeral, Erythronium americanum, was used as the model for a 
typical bee pollinated ground layer plant in a study that examined the relationship 
between pollinator diversity and forest fragmentation (Taki et al. 2007).  Twelve 
populations of E. americanum were selected and circles with radii of 250, 500, 1000, 
1250, and 1500 meters were drawn over the sites using GIS software.   Forest cover area, 
forest edge length, and bee abundance were compared to seed set in each circle 
surrounding the study populations.  Positive linear relationships were found between 
forest cover and bee abundance, and between seed set and forest cover with overall bee 
abundance.  Plant densities of the populations were considered as well and no 
relationship was found between density and forest cover.   From this study, it appears that 
fragment size is related to pollinator diversity and this relationship affects the fecundity 
of the plants.  Smaller forest fragments had less diverse bee communities and this loss of 
diversity was associated with a reduction of seed set for the Erythronium americanum. 
A different study showed a reduction of pollinator abundance and diversity as 
forest area decreased but the relationship was not linear (Aguirre and Dirzo 2008).  A 
threshold of forest patch size with a sudden reduction of pollinators occurred in which 
abundance was reduced by 4.2 times in the three smallest fragments (< 20 hectares).  
Despite the reduction of pollinator abundance as forest fragments got smaller, the seed set 
of the studied plant, Astrocaryum mexicanum, did not decrease with the size of the forest 
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patches.   This result is contrary to the significant result found by Taki et al. (2007) but is 
consistent with other studies that have shown decreased pollinator abundance does not 
reduce seed set (Diekotter et al. 2007; Lopez and Buzato 2007).  A possible explanation 
for this phenomenon is that pollinators are competing for limited pollen and nectar 
resources in smaller habitat fragments, and therefore visit individual flowers more 
frequently.    
 A study of Delphinium nuttallianum and Aconitum columbianum showed that 
visitation rate of pollinators was weakly related to the density of patches (Bosch and 
Waser 1999).  Dense patches were foraged most frequently, but visitation at the plant 
level did not differ significantly between the dense and the sparse patches.  This result is 
consistent with other studies of pollinator visitation and population size (Kunin 1997; 
Grindeland et al. 2005; Ishihama and Washitani 2007; Aguirre and Dirzo 2008).   D. 
nuttallianum and A. columbianum are partially self-incompatible, but the structure of the 
flowers requires insect visitation for pollination.   Pollen receipt for both species was not 
found to be significantly related to density of the populations.   Although reduced 
pollinator visitation and pollen limitation did not seem to be present in these populations, 
seed set per plant was negatively correlated with plant density.   This relationship could 
be due to a lack of compatible mates in the population rather than reduced pollinator 
visitation.  
The Role of Bumblebees 
A closely related issue to Allee effects and forest fragmentation is the decline in 
diversity and abundance of insect pollinators.  Many self-incompatible plants rely on 
insect pollinators for successful reproduction.  Forest fragmentation and the intense land-
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use practices that frequently surround forests may reduce pollinator abundance and 
diversity.  Bumblebees (Bombus spp.) are important pollinators for many types of plants 
and are currently declining in Europe.  Potential reasons for the decline of bumblebees in 
Europe could be pesticide use, habitat destruction, and pathogen spillover from 
commercial bumblebees (Goulson et al. 2005; Carvell 2006; Colla et al. 2006; Fitzpatrick 
et al. 2007).  The status of bumblebees in North America has not been as extensively 
studied as in Europe.  Colla and Packer (2008) surveyed bumblebees in Canada and 
compared their current collection with historical collections.  Declines or absences were 
shown for seven of the fourteen species collected in previous surveys.  A survey in 
Illinois also found declines or absences for half of the bumblebee species previously 
recorded (Grixti et al. 2009).  Bumblebee declines could have negative impacts on the 
reproductive success of bee pollinated plants in North American forests     
The impact of the decline of native pollinators is not well known, however, a few 
studies have documented reciprocal decline of plants and their pollinators (Beijsmeijer et 
al. 2006; Slagle and Hendrix 2009; Potts et al. 2010).  Many spring ephemeral 
wildflowers could be impacted by declines in bumblebees.  Bombus queens emerge early 
in the spring and forage for nectar and pollen on spring ephemeral wildflowers in 
deciduous forests (Macior 1978).  If bumblebee populations are reduced in small forest 
fragments, spring wildflowers in those fragments could suffer a reduction in reproductive 
success due to insufficient pollinator service.   
Spring Ephemerals Studied  
Spring ephemerals in North American forests are declining as human disturbances 
such as logging and clearing of land for agriculture reduce, degrade, and fragment 
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habitats (Meier et al. 1995; Kern et al. 2006).  Many spring ephemerals are self-
incompatible and rely on insects for pollination (Macior 1978).  These traits could be an 
important factor in their persistence in fragmented landscapes.  Low reproductive output 
has been shown in small, isolated populations of other plant species, and spring 
ephemerals in forest fragments may show a similar pattern.  Delphinium tricorne and 
Dicentra cucullaria are two self-incompatible, bumblebee pollinated spring ephemerals 
of North America (Macior 1978).  Cardamine concatenata is also insect pollinated, but 
utilizes a broader range of pollinating insects (Macior 1978).  The reproductive success of 
these plants in relationship to forest fragmentation and pollinator abundance has not been 
studied.   
Cardamine concatenata is a widely distributed spring ephemeral of stable 
woodlands in eastern North America (Spooner 1984).  The flowers bloom from early 
April to late April in southern Ohio (Macior 1978).   The relative importance of different 
species of pollinators on Cardamine concatenata is not well studied.   While bumblebees 
are the exclusive pollinators of Dicentra and Delphinium, Cardamine concatenata is also 
visited by other small bee species and flies (Macior 1978).   Exclusion of insects from 
flowers results in very low rates of seed set which suggest the plants require an insect 
pollinator for reproduction (Macior 1978).  Spooner (1984) found that some populations 
are likely sterile and reproduce only by vegetative means while others are out-crossing. 
Dicentra cucullaria is a spring ephemeral that occurs in rich, moist soils in 
undisturbed forests of North America (McLachlan and Bazely 2001).  Dicentra 
cucullaria blooms mid to late April in southern Ohio forests and is pollinated by queen 
bumblebees that emerge early in the spring (Macior 1978).  The bumblebees are large 
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and strong enough to displace the inner petals of the flower and reveal the reproductive 
parts.  The length of the glossa in bumblebees is also long enough to reach the nectar 
reward contained in the two spurs of the Dicentra flower.  The three bumblebee species 
most frequently observed on the Dicentra cucullaria flowers were Bombus affinus, 
Bombus bimaculatus, and Bombus fervidus (Macior 1970).  Bombus affinus was mostly 
observed perforating the corolla and feeding on the nectar.  This nectar robbing behavior 
does not result in pollination of the plant.  Bombus bimaculatus was thought to be the 
exclusive pollinator, and their emergence coincides with the flowering of Dicentra 
cucullaria (Macior 1970).   Their importance in pollination was determined by 
examination of pollen loads on the bodies of the bees.  Bombus bimaculatus carried 
Dicentra cucullaria pollen on their bodies, while Bombus fervidus was not observed with 
significant pollen loads from Dicentra cucullaria.   
 Delphinium tricorne is also a self-incompatible spring ephemeral in North 
American deciduous forests (Macior 1975).  Delphinium tricorne blooms later in 
southern Ohio and is in flower from late April until the end of May (Macior 1978).  The 
primary pollinators for this plant are thought to be bumblebees and hummingbirds.  
Macior (1975) examined pollinator behavior with cinematographic analysis which 
showed the flowers required depression of the lower petals so that the ventral side of the 
pollinator contacts the essential flower parts.  The analysis showed that bumblebees were 
the only insects strong enough to depress the lower petals and pollinate the flower.  
Hummingbirds were also observed depressing the lower petals and pollen grains were 
observed on the lower side of the bill.  Pollen loads examined on the bodies of 
bumblebees also found Delphinium tricorne pollen.  Six species of Bombus carried pure 
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or mixed loads of pollen from Delphinium tricorne.  The three most common visitors 
were Bombus bimaculatus, Bombus nevandensis auricomis, and Bombus vagans.   
Bombus affinus was observed perforating the corollas of the flowers as it had on the 
Dicentra cucullaria flowers.   
 
OBJECTIVES 
This project will collect data on the reproductive success of three spring 
wildflower species from sites in southwestern Ohio.  This study will attempt to relate 
forest fragment size to the average number of fruits, fruits per flower, and average 
number of seeds produced by the three wildflower species.  This study will also collect 
data on bumblebees, which are important pollinators of the wildflower species being 
studied.  The data collected on bumblebees will also be related to forest fragment size and 
the reproductive success of Dicentra cucullaria and Delphinium tricorne. 
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HYPOTHESES 
Hypotheses 1 & 2  
The first hypothesis predicts that the average numbers of fruits, fruits per flower, 
and average number of seeds produced by Cardamine concatenata, Delphinium tricorne, 
and Dicentra cucullaria plants will increase as the size of the forest fragment increases 
and as forest cover increases.  A larger forest fragment should sustain larger populations 
of plants which should provide more compatible mates for the three self-incompatible 
wildflowers.  The second hypothesis predicts that the average numbers of fruits, fruits per 
flower, and average number of seeds of Cardamine concatenata, Delphinium tricorne, 
and Dicentra cucullaria plants will increase as the flowering plant density increases 
within the plots studied.   Denser patches of flowers attract more pollinators and should 
have greater reproductive success. 
Hypotheses 3 & 4 
The third hypothesis predicts that bumblebee abundance and diversity will 
increase as the size of the forest fragment increases and as forest cover increases.  Larger 
forest fragments should provide more habitats for nesting bumblebees.  The fourth 
hypothesis predicts that the average numbers of fruits, fruits per flower, and average 
number of seeds produced by Delphinium tricorne and Dicentra cucullaria plants will 
increase as the abundance and diversity of bumblebees increase.  An increase in 
bumblebee abundance and diversity makes it more likely flowers will be visited by 
pollinators and will produce viable fruits. 
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METHODS 
Field Sites 
Twenty one forest fragments were chosen for this study based on size and were 
surrounded primarily by agricultural fields and urban areas (Table 1). Forest fragment 
area was measured by saving images from Google Earth
©
 and then processing the images 
in Image J 1.41 (Rasband 2008).  Polygons were drawn around all the borders of a forest 
fragment.  Corridors and thin strips of connecting forest were not considered part of the 
forest fragment.  The forest cover was also measured within 1 km diameter circles and 2 
km diameter circles that were centered over the forest fragment. 
Spring Ephemeral Reproductive Success 
In 2009, ten by ten meter plots were set up at ten sites to study the reproductive 
success of Cardamine concatenata. At each site, plots with dense patches of flowers were 
chosen for the study.   Choosing a dense patch represents the best case scenario for 
reproduction at each site and avoids choosing dense plots in large forest fragments and 
sparse plots in small fragments, thus confounding local density and total population size.  
The number of flowering plants was counted in each plot as a measure of density.  
Twenty Cardamine concatenata plants were flagged at each site within the selected plot.  
The number of flowers was counted for each plant and the number of developed seed 
pods were counted after the plants finished flowering.  Seedpods were collected and dried 
in paper bags, and then the seeds were counted after they were released from the pod.  
The same procedure was repeated for Delphinium tricorne at six sites in 2009, and again 
in 2010 at twelve sites.  The same procedure was repeated for Dicentra cucullaria in 
2010 at nine sites.  In 2009, the seeds were collected in one bag per site and the average 
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number of seeds was calculated from the total number of seeds divided by the total 
number of plants.  In 2010, seeds were collected and stored in bags for each separate 
plant.   
Bumblebee Surveys 
Bumblebees were surveyed in the spring of 2010 using the non-destructive survey 
method of Grixti et al. (2009).  Bumblebees were captured in nets and stored on ice until 
they could be field identified and released.  Avoiding lethal early spring collection 
allowed queens to establish colonies and minimized impact on bumblebee populations.   
Bumblebees were surveyed in 2010 at the fourteen sites in which Delphinium tricorne or 
Dicentra cucullaria were sampled.  Surveys were conducted between the hours of 1000 
and 1800 on days when the weather was calm, sunny, and the temperature was above 18
 
C.  At each site, six points were surveyed for ten minutes each on two different days.  
Established survey points were a minimum distance of 25 meters apart and included the 
plots in which Delphinium tricorne and Dicentra cucullaria were studied.  Each site had 
a minimum of two hours of total survey time.  At each point, all bumblebees were 
captured in nets, marked with non-toxic blue paint and released. The bees were marked to 
avoid counting individuals more than once. For each bumblebee captured, the species and 
caste was recorded.  Bumblebees were identified using the key from Kearns and 
Thomson (2001).  For each site, the total number of bumblebees captured per hour of 
trapping effort was calculated as well as the species richness for each site. 
Statistical Analysis 
Reproductive success of each plant species was quantified as the average number 
of developing fruits and the average number of seeds produced per plant for each site.  
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Fruits per flower were calculated from the total number of fruits and total number of 
flowers for each site.  R was used for the ANOVA, Pearson correlations, and simple 
linear regression plots in this study (Version 2.11.1, R Development Core Team 2010).  
SAS (Statistical Analysis System) statistical package (Version 9.2, SAS Institute 2008) 
was preferred for the multiple stepwise regression analysis. 
ANOVA was performed for the average number of fruits on seven of the ten sites 
for Cardamine concatenata since data were collected for individual plants at only seven 
sites due to a sampling error.  ANOVA was not performed for seed set of Cardamine 
concatenata since seed data were not collected for individual plants.  ANOVA was 
performed for the average number of fruits of the six Delphinium tricorne sites in 2009, 
but not for the seed data since data were not collected for individual plants.  ANOVA was 
performed for average number of fruits and average number of seeds for Delphinium 
tricorne and Dicentra cucullaria in 2010.  Tukey’s Honestly Significant Difference test 
was performed post-hoc to determine which pairs of sites were significantly different 
from each other.   
Data were log transformed and Pearson correlations were used to determine the 
effects of forest fragment size, forest cover, and plant population density on the average 
number of flowers, average number of fruits, fruits per flower, and seed set of each 
species.  Multiple stepwise regressions using the maximum R
2
 improvement technique 
were also used to determine which forest fragment parameters were most important in 
influencing the average number of flowers, average number of fruits, fruits per flower, 
and average number of seeds for each species.  Pearson correlations for the variables 
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entered into the stepwise model were also calculated to determine if any confounding 
effects from multicollinearity were present in the stepwise models.          
Trapping effort of bumblebees was equal for most sites.  Bumblebee abundance 
was calculated as the number of all bumblebee individuals collected at each site over the 
number of hours spent trapping.  Bumblebee species richness was calculated as the total 
number of species collected at each site in two hours.  The data were log transformed and 
Pearson correlations were used to determine the effect of forest fragment area, flowering 
plant density, and forest cover at the 1 km and 2 km levels on the abundance and species 
richness of bumblebees.  Pearson correlations were also used to determine the effect of 
bumblebee abundance and species richness on average number of fruits, fruits per flower, 
and average number of seeds for Delphinium tricorne and Dicentra cucullaria.  Multiple 
stepwise regressions were also used to determine which forest fragment parameters were 
the most important determinants to average bumblebee abundance and species richness.  
Pearson correlations were calculated for the variables entered into the bumblebee models 
to check for any confounding effects due to multicollinearity present in the stepwise 
models.      
 
RESULTS 
Differences Among Sites 
ANOVA analysis was performed for seven of the Cardamine concatenata sites 
and found significant differences (p ≤ 0.05) between sites in the average number of fruits 
(Table 2).  Taylorsville Metropark had the lowest average fruit development and was 
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significantly lower than Cox Arboretum (p = 0.01), Englewood Metropark (p = 0.003), 
and Wright State University (p = 0.02)(Table 3).    
ANOVA analysis was also performed on the average number of fruits for the six 
Delphinium tricorne sites in 2009. Tukey’s HSD test showed that Terrell Woods had the 
highest average fruit development (Table 2, 4) and was significantly higher (p ≤ 0.05) 
than the Narrows (p = 0.0005), Taylorsville Metropark (p < 0.0001), Collett Woods (p = 
0.0001), and the Cemex site on Linebaugh Road (p = 0.0001).  Cox Arboretum had the 
second highest average fruit development in 2009 (Table 4) and was significantly higher 
than Taylorsville Metropark (p = 0.0003), Collett Woods (p < 0.0001), and the Cemex 
site on Linebaugh Road (p = 0.0001).  The Narrows (Table 4) was also significantly 
higher than the Cemex site on Linebaugh Road (p = 0.0003), while Collett Woods was 
significantly higher than the Taylorsville Metropark (p = 0.006).     
ANOVA was performed for the average number of fruits and average number of 
seeds of Delphinium tricorne in 2010 (Table 2). Tukey’s HSD test showed that the 
highest average fruit development was Shawnee Lookout (Table 4), which was 
significantly higher than the Halls Creek (p = 0.02), California Woods (p = 0.015), 
Wright State University (p = 0.006), Collett Woods (p = 0.004), Cemex (p = 0.0002) and 
Crosby Road (p = 0.0001).  Caesars Creek had the second highest average number of 
fruits (Table 4) in 2010 and was significantly higher than Cemex (p = 0.02) and Crosby 
Road (p = 0.01).   Taylorsville Metropark also had significantly higher average number of 
fruits (Table 4) in 2010 than Crosby Road (p = 0.03).  Fewer significant differences in the 
average seed set were found between sites since seeds were collected for only seven sites 
(Table 2).  Taylorsville Metropark had the highest average seed production (Table 4) and 
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was significantly higher than Crosby Road (p = 0.003), Wright State University (p = 
0.002), and Cemex (p = 0.0007). 
ANOVA was performed for the nine Dicentra cucullaria sites and found 
significant differences between sites in the average number of fruits (Table 2).  The 
average number of fruits of Dicentra cucullaria was very similar across sites.  Tukey’s 
HSD test to determine which sites were significantly different showed that Fort Ancient 
had the lowest average fruit development (Table 5), which was significantly lower than 
Halls Creek (p = 0.001), Taylorsville Metropark (p = 0.01), Bachelor Estate (p = 0.02), 
Terrel (p = 0.01), Caesars Creek ( p = 0.04), and John Bryan State Park (p = 0.01).  
ANOVA also showed significant differences in seed production for Dicenta cucullaria in 
2010 (Table 2).  Average seed production of Dicentra cucullaria showed a pattern similar 
to the average number of fruits.  The lowest average seed productions were at Hueston 
Woods and Fort Ancient (Table 5).  Hueston Woods was significantly lower than John 
Bryan State Park (p = 0.007), and Fort Ancient was also significantly lower than John 
Bryan State Park (p = 0.016). 
Overall, trends in the average number of fruits and average number of seeds were 
different for each species of wildflower.  Cardamine concatenata had significant 
differences in average number of fruits, but the lowest value was in a midsized woodlot.  
However, the highest average fruits tended to be in larger woodlots.  The same trend is 
true of the average seed production of Cardamine concatenata.  Average number of fruits 
and average number of seeds were lowest in the smallest site examined for Delphinium 
tricorne in 2009.  The highest average fruits were also seen in the largest woodlot, while 
the three highest seed sets were in the three largest woodlots for Delphinium tricorne in 
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2009.  Higher average number of fruits and average number of seeds were found in larger 
woodlots for Delphinium tricorne in 2010.   However, Taylorsville Metropark had a high 
average number of fruits and seed set despite the smaller size of the site.  The 
reproductive success of Dicentra cucullaria was very similar across sites, with only 
Hueston Woods and Fort Ancient having lower than average number of fruits or seed 
production.  These low values occurred in two of the three largest woodlots.   
Cardamine concatenata Reproductive Success 
The average number of flowers per plant was positively and significantly 
correlated with forest fragment size, forest cover at the 1 km diameter level, and the 
forest cover at the 2 km diameter level for Cardamine concatenata (Table 6).  However, 
the average number of flowers was not significantly correlated with the flowering plant 
density (Table 6).  The average number of fruits and average number of seeds were not 
significantly correlated with forest fragment size, flowering plant density, or forest cover 
at either level (Table 6).   Fruits per flower were positively and significantly correlated 
with forest fragment size, but not the flowering plant density, or forest cover at either 
level (Table 6).  Forest fragment size was positively and significantly correlated with 
flowering plant density, forest cover at the 1 km diameter level, and the forest cover at 
the 2 km diameter level for Cardamine concatenata (Table 6). 
Most models produced by the stepwise regression were non-significant for 
Cardamine concatenata (Table 7).  The model for the average number of flowers was the 
only significant model (p = 0.0026).  The average number of flowers was positively 
related to the forest cover at the 2 km diameter level (Table 7).  Other factors positively 
correlated with average flower number (forest fragment size and 1 km forest cover) were 
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also positively correlated with forest cover at the 2 km diameter level, but were not 
included in the best fit model. 
Delphinium tricorne Reproductive Success 
The average number of flowers was not correlated with any measures of forest 
fragment size or population density for Delphinium tricorne in 2009 (Table 6).  The 
average number of fruits was positively and significantly correlated with flowering plant 
density, forest fragment size, and forest cover at the 1 km diameter level in 2009 (Table 
6).   The average number of seeds was also positively and significantly correlated with 
forest cover at the 1 km diameter level, but not with forest fragment size, flowering plant 
density, or forest cover at the 2km diameter level (Table 6).  Fruits per flower were not 
significantly correlated with any of the forest fragment size variables or the flowering 
plant density for Delphinium tricorne in 2009 (Table 6).  Flowering plant density for the 
2009 sites was positively and significantly correlated with forest fragment size, and forest 
cover at the 1 km diameter level, but was not significantly correlated with the forest cover 
at the 2 km diameter level (Table 6).   The forest cover at the 1 km diameter level for the 
2009 sites was also positively and significantly correlated with forest fragment size, but 
not significantly correlated with the forest cover at the 2 km diameter level (Table 6).    
 The average number of flowers for Delphinium tricorne in 2010 was positively 
and significantly correlated with the forest fragment size, but not significantly correlated 
with flowering plant density, forest cover at either level, average bumblebee abundance, 
or bumblebee species diversity (Table 6).  The average number of fruits in 2010 was 
positively and significantly correlated with forest fragment size and average bumblebee 
abundance.  However, the average number of fruits was not significantly correlated with 
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flowering plant density, forest cover at either level, or bumblebee species diversity (Table 
6).  The average number of seeds was also positively and significantly correlated with 
average bumblebee abundance, but not significantly correlated with forest fragment size, 
flowering plant density, forest cover at either level, or bumblebee species diversity (Table 
6).  Fruits per flower were positively and significantly correlated with forest fragment 
size and average bumblebee abundance, but were not significantly correlated with 
flowering plant density, forest cover at either level, or bumblebee species diversity (Table 
6).  Forest fragment size for the Delphinium tricorne sites in 2010 was positively and 
significantly correlated with both forest cover levels, but not with flowering plant density 
(Table 6).  The forest cover at the 1 km diameter level was also positively and 
significantly correlated with the forest cover at the 2 km diameter level (Table 6).    
Stepwise regression produced several significant models for Delphinium tricorne 
in 2009 (Table 7).  Both the average number of flowers and the average number of fruits 
were positively related to flowering plant density as best fit models (Table 7).  The 
average number of seeds was negatively related to forest fragment size, but positively 
related to flowering plant density, forest cover at the 1 km diameter level, and forest 
cover at the 2 km diameter level (Table 7).  The fruits per flower were negatively related 
to forest fragment size, but positively related to flowering plant density, and forest cover 
at the 1 km diameter level (Table 7).   
 Only the stepwise regression of the average number of seeds produced non-
significant models for Delphinium tricorne in 2010 (Table 7).  The average number of 
flowers produced significant models that were positively related to forest fragment size 
and negatively related to forest cover at the 2 km diameter level with or without 
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bumblebees included (Table 7).  The model for the average number of fruits was 
significantly (p = 0.005) and positively related to forest fragment size without 
bumblebees included (Table 7).  When bumblebees were included in the model, the 
average number of fruits was positively related forest fragment size and negatively 
related to the forest cover at the 1 km diameter level (Table 7).  Fruits per flower were 
positively related to forest fragment size when bumblebees were not included in the 
model.  When bumblebees were included in the model, fruits per flower were positively 
related to forest fragment size and average bumblebee abundance, while negatively 
related to forest cover at the 1 km diameter level (Table 7). 
Dicentra cucullaria Reproductive Success 
The average number of flowers for Dicentra cucullaria was not significantly 
correlated with any forest fragment size measures, flowering plant density, average 
bumblebee abundance, or bumblebee species diversity (Table 6).  The average number of 
fruits was not significantly correlated with flowering plant density, forest fragment size, 
forest cover at either level, average bumblebee abundance, or bumblebee species 
diversity (Table 6).  Fruits per flower were not significantly correlated with flowering 
plant density, forest cover at either level, average bumblebee abundance, or bumblebee 
species diversity (Table 6).  However, fruits per flower were nearly significantly (p = 
0.06) and negatively correlated (r = -0.7) with forest fragment size.   The average number 
of seeds was not significantly correlated with flowering plant density, forest fragment 
size, forest cover at either level, average bumblebee abundance, or bumblebee species 
diversity (Table 6).  Forest fragment size was positively and significantly correlated to 
forest cover at the 2 km diameter level, while forest cover at the 2 km diameter level was 
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positively and significantly correlated with the forest cover at the 1 km diameter level 
(Table 6).  None of the other forest fragment size variables or flowering plant density was 
significantly correlated with each other for the Dicentra cucullaria (Table 6).    
Most models produced by the stepwise regression were non-significant for 
Dicentra cucullaria (Table 7).  The model for fruits per flower was nearly significant (p = 
0.07) and stepwise regression produced the same model whether bumblebees were 
included or not.  Fruits per flower were negatively related to the forest fragment size 
(Table 7). 
Bumblebees 
  The abundance of bumblebees for all sites studied was not significantly 
correlated (p ≤ 0.05) to forest fragment size or to the forest cover in the 1 km diameter 
level (Table 6).  However, bumblebee abundance was significantly and positively 
correlated to forest cover at the 2 km diameter level (Table 6).  Bumblebee species 
diversity was not correlated to forest fragment area, or forest cover at either level (Table 
6).   The average numbers of flowers, average numbers of fruits, fruits per flower, or the 
average numbers of seeds of Dicentra cucullaria in 2010 were not correlated with the 
abundance of bumblebees (Table 6).  The average numbers of flowers, average numbers 
of fruits, fruits per flower, or average numbers of seeds of Dicentra cucullaria or 
Delphinium tricorne in 2010 were not correlated with bumblebee diversity (Table 6).  
The average number of fruits, average number of seeds, and fruits per flower of 
Delphinium tricorne in 2010 were significantly and positively correlated with the 
abundance of bumblebees, but not with the average number of flowers (Table 6).   The 
average number of fruits, fruits per flower, and average number of seeds of Delphinium 
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tricorne in 2010 increased significantly with an increase in bee abundance per hour 
(Figure 6b, 6c, 6d).  Stepwise regression produced a significant model for average 
bumblebee abundance for all sites in which bumblebee abundance was positively related 
to the forest cover at the 2 km diameter level (Table 7).  Bumblebee species diversity for 
all sites was not significantly related to any of the forest fragment size parameters 
measured or the flowering plant density (Table 7).   
 
DISCUSSION 
Reproductive Success of Cardamine concatenata 
 The results of this study suggest that significant differences exist in the 
reproductive success of different populations of Cardamine concatenata, but overall the 
differences are not significantly correlated with forest fragment area, forest cover, or 
flowering plant density.  Although fruits per plant were significantly correlated with 
forest fragment size, the stepwise regression did not produce a significant model.  The 
differences in reproductive success among sites could be due to differences in local 
environmental conditions at each site.  Soil moisture and soil nutrients have been shown 
to influence the reproductive success of plants (Oostermeijer et al. 1998; Winter et al. 
2008).  Another factor could be the strong clonal growth of Cardamine concatenata.  
Some patches of the plants may have been made up primarily of clones, which may affect 
reproductive success if Cardamine concatenata is self-incompatible.  Spooner (1984) 
found that some populations of Cardamine concatenata reproduce mostly by vegetative 
means, while others are out-crossing.  If a similar situation exists in Ohio populations, 
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then patches of clones may show low fruit production and seed set. However, 
compatibility was not determined in this study.   
Another possibility is that pollinator service is limited in some populations due to 
reasons unrelated to forest fragment size.  The fact that the plot density and floral 
displays increased in Cardamine concatenata with the increase in forest fragment size 
and forest cover suggest that pollinator service would be increased in larger forest 
fragments since pollinators are attracted to denser, larger patches of flowers (Kunin 1997, 
Ishihama and Washitani 2007).    However, this pattern of behavior is not observed 
across all studies and the number of visitors alone may not adequately explain the 
reproductive success of plants since insect visitors vary in their effectiveness as 
pollinators (Wagenius and Lyon 2010).    Cardamine concatenata is visited by a wider 
range of pollinators than Dicentra cucullaria and Delphinium tricorne (Macior 1978).  It 
is possible that differences in pollinator assemblages in forest fragments could cause 
differences in the quality of pollinator service.  This study accounted only for the 
difference in fragment area and did not consider other factors that could affect pollinator 
communities such as the habitat matrix that surrounds each site.  A study of pollinator 
visitation and pollinator community assemblages would help determine if the observed 
difference in reproductive success among the forest fragments is due to the pollinators or 
lack of compatible mates due to clonal growth.  
Reproductive Success of Delphinium tricorne 
 The reproductive success of Delphinium tricorne seemed affected by the density 
of the flowering plants in 2009, but this relationship was not seen in 2010. Both 
correlations and stepwise multiple regression were in agreement that average number of 
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fruits, the average number of seeds, and the fruits per flower were positively related to 
flowering plant density.  The result from 2009 is expected since it has been shown that 
denser patches of flowers receive more visits from pollinators (Kunin 1997; Ishihama and 
Washitani 2007; Dauber et al. 2010).  Also, denser patches of flowers have more 
available mates and have been shown to have greater reproductive success than lower 
density patches (Wagenius et al. 2007; Glemin et al. 2008).   However, the data from 
2010 suggest that density in a patch is not an accurate predictor of average fruit 
development for Delphinium tricorne.   The 2010 data suggest that the average fruit 
production drops off when density becomes very high (> 1.75 plants per m
2
).  Densities 
from the 2009 sites were all below 1.5 flowering plants per square meter.  If sites with 
densities below 1.5 flowering plants per m
2
 are combined from 2009 and 2010, a 
significant positive linear relationship (p = 0.0207) is seen (Figure 7).  This result 
suggests that the positive linear relationship between flowering plant density and fruit 
development is valid at lower densities.  This result is consistent with other studies that 
have shown a decrease in reproductive success as densities become high due to 
competition for pollinators (Steven et al. 2003; Aguirre and Dirzo 2008).    
The average number of fruits for Delphinium tricorne was significantly and 
positively correlated with forest fragment size in 2009 and 2010 in the simple linear 
regression models, and fruits per flower also showed the same trend in 2010 (Figures 2b, 
3b, and 3c).  However, multiple stepwise regression showed this trend only in 2010 
(Table 7).   Overall, the results suggest that the reproductive success of Delphinium 
tricorne is likely related to forest fragment size since both years show a significant trend 
of increase in fruit production and fruits per flower in larger fragments in most models.  
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The larger forest fragments support larger populations of plants, and larger populations of 
flowering plants have been shown to have greater reproductive success (Fischer et al. 
2003; Wagenius et al. 2007; Glemin et al. 2008; Winter et al. 2008).   Since Delphinium 
tricorne is self-incompatible, this trend could be due to fewer available mates in small 
populations.  A meta-analysis by Aguilar et al. (2006) found that self-incompatibility led 
to lower fitness in fragmented habitats for many species of plants.  However, in the 
present study seed set was not significantly correlated to forest fragment size in either 
2009 or 2010, and this result is inconsistent with the results of many of the studies cited 
by Aguilar et al. (2006).   Although seed set was not significantly correlated to forest 
fragment size, both years show an increase in seed set as forest fragment size increased 
(Figures 2d and 3d).   Seed set was nearly correlated to forest fragment size in 2009 (p = 
0.0661), and the lack of significance in 2010 could have been due to inaccuracy of the 
seed counts since some plants had dropped their seeds before collection.  This problem 
resulted in some sites being deleted from the analysis.  The average number of seeds 
produced more complicated results in the multiple stepwise regression models for 2009.  
The average number of seeds was negatively related to forest fragment size, which seems 
contrary to the simple linear regression results.  However, the two forest cover 
parameters were also positively related to the average number of seeds and the forest 
cover was positively correlated to forest fragment size.  Since the two variables are 
correlated with one another, the results of the overall model reflect the curvilinear 
relationship between forest fragment size and forest cover at the 1 km diameter level.  
The forest fragment size is subtracted from the equation to account for the positive 
relationship between the average number of seeds and the forest cover at the 1 km 
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diameter level.  Therefore, in this study the average fruit production is the best indicator 
of plant reproductive success, and the results indicate that reproduction of Delphinium 
tricorne is likely impaired in small forest fragments.  Future studies of the compatibility 
of Delphinium tricorne populations could reveal if this impairment is due to a lack of 
compatible mates in small populations. 
The role pollinators play in the reproductive success of Delphinium tricorne is 
less clear.  Bumblebees were not significantly more abundant in larger forest fragments 
(Table 6).  However, the average abundance of bumblebees did tend to increase as forest 
fragment area increased, and abundance was significantly correlated to the forest cover 
area in a 2 kilometer diameter in both simple linear regression and multiple stepwise 
models.   These results suggest that an increase in habitat for bumblebees may increase 
their abundance.   Since fruits begin to develop after successful pollination, developing 
fruits reflect the number of pollinated flowers, which should increase with pollinator 
abundance.  This hypothesis is supported by the significant positive relationship between 
the fruits per flower and average bumblebee abundance in the stepwise model.   In 
addition, 2010 floral displays were larger and denser in larger forest fragment sizes.  
These larger, denser displays are expected to attract more pollinators (Kunin 1997, Bosch 
and Waser 1999, Ishihama and Washitani 2007).  When fruit development and seed set of 
Delphinium tricorne was compared to average bumblebee abundance in the simple linear 
regression models, the development of fruits and seed set significantly increased as 
bumblebee abundance increased (Figure 6b and 6d).  The results of this study do seem to 
suggest that Delphinium tricorne reproduces better in larger forest fragments and that this 
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increased success could be due in part to an increase in their pollinators in larger forest 
fragments. 
Reproductive Success of Dicentra cucullaria 
Simple linear regression analysis of Dicentra cucullaria flowers, fruits, and seeds 
did not yield any significant relationships to flowering plant density, forest fragment size, 
or forest cover at either level.  However, fruits per flower produced a nearly significant 
model in the stepwise regression (Table 7).  Fruits per flower were negatively related to 
forest fragment size (Table 7, Figure 4c).  The negative relationship between fruits per 
flower and forest fragment size is unexpected and suggests that populations in larger 
forest fragments are not more successful reproductively.  This result could be due to 
greater competition for pollinators between both conspecifics and other wildflower 
species in the larger, more intact forest fragments.  However, other studies have shown 
that local flowering plant density is more important in pollen limitation at the individual 
plant level due to competition with conspecifics, and pollen limitation is less pronounced 
at the population level (Stevens et al. 2003).  Local flowering plant density was measured 
in the current study, but was not an important factor for most reproductive variables.  The 
negative relationship with fruits per flower and forest fragment size is most likely the 
result of two extreme values at the Hueston Woods and Fort Ancient sites.    
Overall, Dicentra cucullaria showed remarkable similarity in reproductive 
success across sites (Figure 4).  Hueston Woods and Fort Ancient are the only two sites 
that had low reproductive success.  No variable consistently explained the low 
reproductive success at these two sites.  The Fort Ancient site’s low reproductive success 
may be attributed to the loss of three of the plants.  The three plants suffered from 
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herbivore damage which was very uncommon for this species.   The populations of 
Dicentra cucullaria studied also tended to be found only in larger forest fragments unlike 
Cardamine concatenata and Delphinium tricorne populations that tended to grow in a 
wider range of forest fragment sizes.  The smallest site with a population of Dicentra 
cucullaria was 42.4 hectares, with most other sites above 192.5 hectares (Table 1).  The 
populations of Dicentra cucullaria may not be small enough to detect any effects due to 
low mate availability or reduced pollinator service as suggested in other studies that 
showed a threshold pattern (Aguirre and Dirzo 2008, Dauber et al. 2010).  In the present 
study, pollen limitation due to lack of pollinators also did not seem to be a factor in the 
reproductive success of Dicentra cucullaria.  In fact, the percentages of pollinated 
flowers were high (≥ 66.7 %, Table 5) when compared to the percentages of pollinated 
flowers for Delphinium tricorne (Table 4) and Cardamine concatenata (Table 3).  In 
addition, bumblebee abundance did not seem to affect the reproductive success of 
Dicentra cucullaria since the reproductive success was similar across sites. 
 Differences in reproductive success of these three species may also be explained 
by differences in their primary pollinators.  Studies by Macior (1970, 1975, 1978) 
suggested that Delphinium tricorne and Dicentra cucullaria are pollinated by different 
species of bumblebees, while Cardamine concatenata is pollinated by a wide variety of 
insects.  The results of this study suggest that the chief pollinator of Delphinium tricorne, 
Bombus auricomis, is absent in many of the forest fragments.  This result is similar to 
other recent studies of bumblebees in eastern North America (Colla and Packer 2008, 
Grixti et al. 2009).  The pollinator of Dicentra cucullaria, Bombus bimaculatus, was 
abundant in this study.  A recent study shows that this species is increasing in number 
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and is one of the most common bumblebee species in Eastern North America (Grixti et 
al. 2009).  Dicentra cucullaria may not show a reduction in fruit production because its 
primary pollinator is abundant and pollen limitation is not a problem.  However, a once 
common insect pollinator of Delphinium tricorne is scarce, and the other visitors to the 
plant may not compensate for the loss in pollinator service. 
Abundance and Diversity of Bumblebees 
Bombus impatiens was the most common bumblebee collected, while Bombus 
bimaculatus was the second most common bumblebee collected (Table 8).  This result is 
not surprising since populations of these species of bumblebees are stable or showing 
increases in their distributions (Colla and Packer 2008, Grixti et al. 2009)  The remaining 
six species of bumblebee caught occurred with much less frequency (10 to 2 individuals) 
when compared to Bombus impatiens (65 individuals) and Bombus bimaculatus (61 
individuals).   Macior (1978) reported nine species of bumblebee collected in 
southwestern Ohio.    In the current study, two species reported by Macior (1978) were 
not collected:  Bombus auricomis and Bombus pennsylvanicus .  Recent declines of 
Bombus pennsylvanicus have been found in Illinois (Grixti et al. 2009) and Ontario, 
Canada (Colla and Packer 2008).  However, declines in the distribution of Bombus 
auricomis were not detected in Illinois (Grixti et al. 2009).  The absence of Bombus 
auricomis is significant in this study since the species was the second most common 
visitor reported by Macior (1978) to Delphinium tricorne.  It is possible that the sampling 
effort in the current study was insufficient to detect Bombus auricomis. However, the 
sampling took place in patches of Delphinium tricorne, which was the preferred flower of 
Bombus auricomis (Macior 1978).   It is more likely that this study has detected a decline 
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in a species that was once more common in southwestern Ohio.  Bombus affinus also 
seemed to be less abundant in the present study than it once was.   Bombus affinus is 
known to be declining over much of its range ( Colla and Packer 2008).  Bombus affinus 
was the second most abundant species collected by Macior (1978) in southwestern Ohio.  
Only four individuals were captured at three sites in this study, which suggests that 
Bombus affinus is also declining in southwestern Ohio.    
  The abundance of bumblebees was not significantly related to forest fragment size 
in this study.  The abundance of bumblebees was related to forest cover only at the 2 km 
diameter in both the simple linear regression analysis and the stepwise regression.   The 
results of this study do not support the original hypothesis that bumblebee abundance 
would increase in larger forest fragments.  The results of this study are similar to a study 
of forest loss on pollinator abundance and diversity in Canada (Taki et al. 2007).  
Pollinator abundance and diversity was regressed against forest cover at six radii ranging 
from 250 to 1500 meters.  Like this study, a significant result was only found at one 
radius (750 meters).  The diversity of bumblebees also was not correlated to forest 
fragment area or forest cover at the 1 km or 2 km diameter levels in the current study.   
The lack of significant results in this study suggests that the forest fragment area or forest 
covers alone are not good predictors of abundance or diversity for bumblebees.  The 
matrix of surrounding habitats was not considered in this study and may be important in 
determining the abundance and diversity of pollinator species.  Ahrne et al. (2009) 
showed that the abundance and diversity of bumblebees declined with an increase in 
urbanization surrounding garden plots.  A more detailed study of fragment size and 
habitat matrix may reveal the patterns of abundance and diversity of bumblebee species 
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in forest fragments.  The quality of the habitat patches was also not considered in this 
study and could play a role in the abundance and diversity of bumblebee species.              
 
CONCLUSIONS 
 Differences between sites in average fruit development and average seed 
production were found for Cardamine concatenata, Delphinium tricorne, and Dicentra 
cucullaria.  However, forest fragment size was a factor only in the reproductive success 
of Delphinium tricorne.  Differences between sites in the reproductive success of 
Cardamine concatenata were unexplained in this study and could be due to local site 
conditions or the strong clonal growth patterns of the species.  However, the trend of 
increase in reproductive success of Cardamine concatenata in larger forest fragments is 
suggestive.   The reproductive success of Dicentra cucullaria was remarkably similar 
across sites and therefore was not related to the size of the forest fragments.  Like this 
study, investigations into the reproductive success of plants in fragmented habitats have 
yielded different results for different species.  Delphinium tricorne was the only species 
that followed the expected pattern of increased reproductive success in larger forest 
fragments.   Delphinium tricorne in southwestern Ohio forest fragments likely suffer 
from low mate availability in small forest fragments, while Dicentra cucullaria does not.   
Cardamine concatenata may show an increase in reproductive success in larger forest 
fragments if more large fragments were included in future studies.  Most of the sites in 
this study were distributed over smaller sized fragments which may be responsible for the 
inconclusive result.  More in depth research is needed to determine what traits make 
plants susceptible to the effects of forest fragmentation.   I also found that forest fragment 
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size does not affect the abundance and diversity of bumblebees.  Although the 
relationship between forest fragment size and bumblebee abundance was not significant, 
the trend was for bumblebee abundance to increase with an increase in forest fragment 
size.   The abundance of bumblebees affected the reproductive success of Delphinium 
tricorne, which indicates that Delphinium tricorne suffers from a syndrome of low mate 
availability, and pollen limitation due to lowered abundance of pollinators in smaller 
forest fragments.   More research is needed to determine the relative importance of low 
mate availability and low abundance of pollinators in fragmented forest ecosystems.    
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Table 1:  The fragment area of the sites and the species studied at each site.  Forest 
fragment areas are calculated from the discrete forest fragments that make up each 
site. 
 
Site 
 
Area 
Hectares 
Cardamine 
concatenata 
2009 
Dicentra 
cucullaria 
2010 
Delphinium 
tricorne 
2009 
Delphinium 
tricorne 
2010 
Crosby Rd 3.40    X 
Cemex Linebaugh Rd 7.10 X  X X 
Cemex Hyde Rd 26.7 X    
Huffman 29.9 X    
Collett 42.1 X  X X 
Taylorsville 42.4 X X X X 
Cox Arboretum 50.2 X  X  
Carriage Hill 50.5 X    
California 62.6    X 
WSU 77.8 X   X 
Englewood 156.8 X    
Halls Creek 192.5  X  X 
Bachelor Estate 251.1  X   
Shawnee Lookout 255.7    X 
Narrows 287.6   X  
Terrell 337.9  X X X 
Germantown 345.0  X  X 
Caesars Creek 377.2  X  X 
Hueston Woods 646.3  X   
Fort Ancient 687.5  X  X 
John Bryan 755.6 X X   
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Table 2:  ANOVA results for the differences among sites in fruit development and 
seed production.  Differences are significant when p ≤ 0.05. 
  
Species Fruits/Seeds Source of 
Variation 
df SS MS F p-value 
Cardamine concatenata Fruit development Among Groups 6 84.6 
 
14.1 
 
4.3 0.0005 
Cardamine concatenata Fruit development Within Groups 133 432.9 
 
3.3   
Cardamine concatenata Fruit development Total 139 517.5 
 
   
        
Dicentra cucullaria Fruit development Among Groups 8 63.0 
 
7.9 3.2 0.0022 
Dicentra cucullaria Fruit development Within Groups 171 424.7 
 
2.5   
Dicentra cucullaria Fruit development Total 179 487.7 
 
   
        
Delphinium 2009 Fruit development Among Groups 
 
5 1032.3 
 
206.5 21.9 1.67 x 10
-16
 
Delphinium 2009 Fruit development Within Groups 154 1454.7 
 
9.5   
Delphinium 2009 Fruit development Total 159 2487.0 
 
   
        
Delphinium 2010 Fruit development Among Groups 11 540.9 
 
49.2 4.9 9.3 x 10
-7
 
Delphinium 2010 Fruit development Within Groups 228 2302.5 
 
10.1   
Delphinium 2010 Fruit development Total 239 2843.4 
 
   
        
Dicentra cucullaria Seed production Among Groups 8 9073.9 
 
1134.2 2.9 0.0045 
Dicentra cucullaria Seed production Within Groups 171 66573.7 
 
389.3   
Dicentra cucullaria Seed production Total 179 75647.5 
 
   
        
Delphinium 2010 Seed production Among Groups 6 84740.4 
 
14123.4 
 
5.6 3.08x10
-5
 
 
Delphinium 2010 Seed production Within Groups 133 333520.6 
 
2507.7   
Delphinium 2010 Seed production Total 139 418261 
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Table 3:  The average reproductive success of Cardamine concatenata in 2009.  Sites 
are listed in order of increasing area.  Averages are computed from the twenty 
plants studied at each site and represent reproductive success per plant.  Percent 
fruit development is the number of fruits divided by the number of flowers.  Site 
values followed by the same letter do not differ significantly with Tukey’s HSD test 
(p ≤ 0.05). 
 
Site Average 
Number of 
Flowers 
Average 
Fruit 
Development 
 Average 
Seed 
Production 
Percent 
Fruit 
Development 
Cemex Linebaugh Rd 6.8 0.8      ab 5.1 11.0 
Cemex Hyde Rd 7.3 1.3      ab 5.9 17.1 
Huffman 7.6 0.4          - 2.5 5.3 
Collett 6.5 0.7        - 3.1 10.1 
Taylorsville 7.7 0.2       a 1.2 1.9 
Cox Arboretum 6.4 2.2       b 16.4 33.9 
Carriage Hill 7.0 0.8       ab 4.6 10.8 
WSU 8.3 2.0        b 13.4 24.2 
Englewood 10.3 2.4       b 11.5 22.9 
John Bryan 9.1 3.6          - 18.8 39.8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
38 
 
Table 4:  Average reproductive success of Delphinium tricorne in 2009 and 2010. 
Sites are listed in order of increasing area.  Averages are computed from the twenty 
plants studied at each site and represent reproductive success per plant.  Percent 
fruit development is the number of fruits divided by the number of flowers.  Site 
values followed by the same letter for a given year do not differ significantly with 
Tukey’s HSD test (p ≤ 0.05). 
 
Site 
 
Year  Average 
Number of 
Flowers 
Average 
 Fruit 
Development 
 Average Seed 
Production 
 Percent  
Fruit  
Development 
Cemex Linebaugh 2009 8.6             0.5       a 4.7  5.3 
Collett 2009 11.5 4.4       a 12.9  9.1 
Taylorsville 2009 3.7 1.3     ad 25.2  31.2 
Cox Arboretum 2009 8.8 6.4       bc 103.3  71.2 
Narrows 2009 9.4 1.2       bd 61.3  45.9 
Terrell woods 2009 13.9                7.8 c 81.7  57.9 
        
Crosby Rd 2010 3.2 0.2     b 2.6 a 4.8 
Cemex Linebaugh 2010 7.2 0.4     bc 5.9 a 4.9 
Collett 2010 16.4 1.0       abc -  6.1 
Taylorsville 2010 13.5 3.7     cd 75.2 b 27.0 
California 2010 11.6 1.4       abc -  12.1 
WSU 2010 11.6 1.2     abc 8.9 a 9.9 
Halls Creek 2010 14.3 1.5     abc -  10.1 
Shawnee Lookout 2010 18.2 5.1      d -  28.1 
Terrell 2010 17.4 3.1       bd -  17.8 
Germantown 2010 20.5 3.3     bd 33.9 ab 16.2 
Caesars Creek 2010 17.3 3.9     ad 49.8 ab 22.8 
Fort Ancient 2010 12.1 2.7      bd 26.2 a 22.3 
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Table 5: Average reproductive success of Dicentra cucullaria in 2010.  Sites are 
listed in order of increasing area.  Averages are computed from the twenty plants 
studied at each site and represent reproductive success per plant.  Percent fruit 
development is the number of fruits divided by the number of flowers.  Site values 
followed by the same letter do not differ significantly with Tukey’s HSD test    (p ≤ 
0.05). 
 
Site 
 
 Average 
Number of 
Flowers 
Average 
 Fruit 
Development 
 Average  
Seed  
Production 
 Percent  
Fruit  
Development 
Taylorsville 5.4 5.1 a 41.4 ab 95.3 
Halls Creek 6.1 5.3 a 42.6 ab 86.2 
Bachelor 5.8 5.0 a 38.1 ab 86.1 
Terrell 5.8 5.1 a 41.2 ab 87.9 
Germantown 5.5 4.6 ab 40.6 ab 85.3 
Caesars Creek 5.7 4.8 a 40.4 ab 85.0 
Hueston Woods 6.4 4.4 ab 25.4 b 69.5 
Fort Ancient 4.8 3.2 b 26.9 b 66.7 
John Bryan 5.6 5.0 a 48.8 a 89.3 
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Table 6:  Pearson correlations for the variables included in the linear regression 
models. All data were log transformed before analysis.  Fragment size is the area of 
the discrete forest fragments that make up each site.  Density is the number of 
flowering plants within 10 by 10 meter plots within sites.  Forest cover is the area of 
forest contained in a 1 km or 2 km diameter circle centered over each forest 
fragment.  The average numbers of flowers, fruits and seeds were calculated from 
the twenty plants studied at each site.  Bumblebee abundance is the total abundance 
per hour of trapping effort and species diversity is the total diversity sampled at 
each site.  Only significant correlations were shown (p ≤ 0.05).  All significant 
correlations were positive. 
 
Species  Size Density Forest 
cover 
1km 
Forest 
cover 
2km 
Bee 
abundance 
Bee 
diversity 
Cardamine  Flowers 0.6  0.7 0.8   
concatenata Fruits       
 Seeds       
 Fruits per flower 0.6      
 Size  0.8 0.9 0.8   
 Density 0.8  0.7 0.7   
 Forest cover 1 km 0.9 0.7  0.7   
 Forest cover 2 km 0.8 0.7 0.7    
Delphinium  Flowers       
tricorne 2009 Fruits 0.8 0.9 0.9    
 Seeds   0.8    
 Fruits per flower       
 Size  0.8 1.0    
 Density 0.8  0.8    
 Forest cover 1 km 1.0 0.8     
 Forest cover 2 km       
Delphinium  Flowers 0.8      
tricorne 2010 Fruits 0.8    0.7  
 Seeds     0.9  
 Fruits per flower     0.8  
 Size   0.7 0.6   
 Density       
 Forest cover 1 km    0.8   
 Forest cover 2 km   0.8  0.6  
 Bee abundance    0.6   
 Bee diversity       
Dicentra  Flowers       
cucullaria 2010 Fruits       
 Seeds       
 Fruits per flower       
 Size    0.8   
 Density       
 Forest cover 1 km    0.8   
 Forest cover 2 km   0.8    
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 Bee abundance       
 Bee diversity       
Bombus spp.   Bee abundance    0.6  0.6 
2010 Bee diversity     0.6  
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Table 7:  Stepwise linear regression analysis of the three wildflower species, 
bumblebee abundance, and bumblebee diversity.  Fragment area is the area of the 
discrete forest fragment that makes up each site.  Forest cover is the area of forest 
contained in a 1 km or 2 km diameter circle centered over each forest fragment.  
Bumblebee abundance is the total abundance per hour of trapping effort and 
species diversity is the total diversity sampled at each site.  All data were log 
transformed before analysis except bumblebee diversity.  Only significant or nearly 
significant models were shown (p ≤ 0.10). 
 
Species  
 
Year Bees 
Included  
Dependent 
Variable 
Model R 
2  
- 
value 
P - value 
Cardamine 
concatenata 
2009 No Flowers Y = 3.8 + 0.3(FC2) 0.69 0.002 
 2009 No Fruits Non significant   
 2009 No Seeds Non significant   
 2009 No Fruits per flower Non significant   
Delphinium tricorne 2009 No Flowers Y = 2.6 + 0.7(Den) 0.78 0.021 
 2009 No Fruits Y = -2.1 + 1.6(Den) 0.79 0.018 
 2009 No Seeds Y = -76.1 – 5.8(size) + 5.6(den) 
+ 19.0(FC1) + 3.2(FC2) 
0.99 0.037 
 2009 No Fruits per flower Y = -41.3 – 2.2(size) + 2.3(den)  
+ 10.8(FC1) 
0.98 0.037 
 2010 No Flowers Y = 7.1 + 0.4(size) – 0.7(FC2) 0.92 0.002 
 2010 No Fruits Y = 0.9 + 0.5(size) 0.75 0.005 
 2010 No Seeds Non significant   
 2010 No Fruits per flower Y = -3.3 + 0.3(size) 0.61 0.023 
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 2010 Yes Flowers Y = 7.1 + 0.4(size)  -  0.7(FC2)  0.91 0.009 
 2010 Yes Fruits Y = 18.2 + 1.1(size) – 4.8(FC1) 0.87 0.018 
 2010 Yes Seeds Non significant   
 2010 Yes Fruits per flower Y = 8.9 + 0.6(size) – 3.7(FC1) 
 + 0.7(beeab) 
0.96 0.013 
Dicentra cucullaria 2010 No Flowers Non significant   
 2010 No Fruits Non significant   
 2010 No Seeds Non significant   
 2010 No Fruits per flower Y = 0.3 – 0.1(size)  0.40 0.067 
 2010 Yes Flowers Non significant   
 2010 Yes Fruits Non significant   
 2010 Yes Seeds Non significant   
 2010 Yes Fruits per flower Y = 0.3 – 0.1(size)  0.40 0.067 
Bombus spp.  2010 Yes Bee abundance Y = - 0.7 + 7.8(FC2) 0.37 0.020 
 2010 Yes Bee diversity Non significant   
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Table 8:  Bumblebee species and the number of individuals caught at each site.   
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Crosby Rd  7 1  1    3 
Collet 1 1       2 
Taylorsville 1 9 3 2 2    5 
California 1 1       2 
WSU 7        1 
Halls Creek 6 12  1 1  1  5 
Bachelor Estate 2        1 
Shawnee 
Lookout 
4 5 1      3 
Terrell 5 1      2 3 
Germantown 3 3 2 1   1  5 
Caesars Creek 11 5 1      3 
Hueston Woods 6        1 
Fort Ancient 2 11    4 1  4 
John Bryan 16 6 2  1    4 
Total 65 61 10 4 5 4 3 2  
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Figure 1:  The relationship of forest fragment size to a) average number of flowers, 
b) average number of fruits, c) fruits per flower, and d) the average number of seeds 
in Cardamine concatenata.  All data were log10 transformed before plotting and 
analysis. 
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Figure 2:  The relationship of forest fragment size to a) average number of flowers, 
b) average number of fruits, c) fruits per flower, and d) the average number of seeds 
in Delphinium tricorne in 2009.  All data were log10 transformed before plotting and 
analysis. 
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Figure 3:  The relationship of forest fragment size to a) average number of flowers, 
b) average number of fruits, c) fruits per flower, and d) the average number of seeds 
in Delphinium tricorne in 2010.  All data were log10 transformed before plotting and 
analysis. 
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Figure 4:  The relationship of forest fragment size to a) average number of flowers, 
b) average number of fruits, c) fruits per flower, and d) the average number of seeds 
in Dicentra cucullaria in 2010.  All data were log10 transformed before plotting and 
analysis. 
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Figure 5:  The relationship between forest cover and a) average number of fruits 
and b) average number of seeds of Delphinium tricorne in 2009.   All data were log10 
transformed before plotting and analysis. 
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Figure 6:  The relationship of bumblebee abundance to the reproductive success of 
Delphinium tricorne in 2010.  Bee abundance per hour, average number of fruits, 
and average number of seeds were log10 transformed before plotting and analysis. 
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Figure 7:  The relationship of flowering plant density to the average number of 
fruits in Delphinium tricorne.  Sites with densities below 1.5 flowering plants per m
2 
(log10 transformed value ≤ 2.18)   from both 2009 and 2010 show a positive linear 
relationship (p = 0.0207).  All data were log10 transformed before plotting and 
analysis. 
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Appendix 1A:  Date, location, species and caste of all bumblebees captured in 2010. 
 
Location Date Species Caste Number of 
Individuals 
Crosby Road 5/4/2010 Bombus bimaculatus Queen 2 
 5/4/2010 Bombus griseocollis Queen 1 
 5/4/2010 unknown Queen 1 
 5/26/2010 Bombus bimaculatus Queen 3 
 5/26/2010 Bombus bimaculatus Drone 1 
 5/26/2010 Bombus vagans Worker 1 
Collett Woods 5/3/2010 Bombus bimaculatus Worker 1 
 5/3/2010 unknown Queen 3 
 6/1/2010 Bombus impatiens Worker 1 
Taylorsville Metropark 4/19/2010 Bombus impatiens Queen 1 
 4/19/2010 Bombus bimaculatus Queen 1 
 4/19/2010 unknown Queen 1 
 5/24/2010 Bombus bimaculatus Worker 8 
 5/24/2010 Bombus griseocollis Queen 1 
 5/24/2010 Bombus griseocollis Worker 2 
 5/24/2010 Bombus affinus Worker 2 
 5/24/2010 Bombus vagans Worker 2 
 5/24/2010 unknown Worker 1 
 5/24/2010 unknown Queen 1 
California 5/6/2010 Bombus bimaculatus Worker 1 
 5/6/2010 Bombus impatiens Queen 1 
 5/6/2010 unknown Queen 2 
 5/6/2010 unknown Worker 1 
Wright State University 4/22/2010 Bombus impatiens Queen 6 
 6/1/2010 Bombus impatiens Drone 1 
 6/1/2010 unknown Worker 1 
Halls Creek 4/20/2010 Bombus impatiens Queen 6 
 4/20/2010 Bombus bimaculatus Queen 1 
 4/20/2010 Bombus fervidus Queen 1 
 4/20/2010 unknown Queen 2 
 5/5/2010 Bombus bimaculatus Queen 7 
 5/5/2010 Bombus affinus Worker 1 
 5/5/2010 unknown Queen 1 
 6/2/2010 Bombus bimaculatus Worker 4 
 6/2/2010 Bombus vagans Worker 1 
 6/2/2010 unknown Worker 3 
Bachelor Estate 4/28/2010 Bombus impatiens Queen 2 
 4/28/2010 unknown Queen 1 
Shawnee Lookout 5/4/2010 Bombus bimaculatus Queen 2 
 5/4/2010 Bombus bimaculatus Worker 3 
 5/4/2010 Bombus impatiens Queen 4 
 5/4/2010 Bombus affinus Worker 1 
 5/4/2010 unknown Queen 1 
Terrell Woods 5/3/2010 Bombus impatiens Queen 4 
 5/3/2010 Bombus bimaculatus Queen 1 
 5/3/2010 Bombus citrinus Queen 1 
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 5/3/2010 unknown Queen 6 
 6/2/2010 Bombus impatiens Worker 1 
 6/2/2010 Bombus citrinus Worker 1 
 6/2/2010 unknown Worker 1 
Germantown Metropark 4/21/2010 Bombus bimaculatus Queen 2 
 4/21/2010 Bombus impatiens Queen 2 
 4/21/2010 Bombus griseocollis Queen 1 
 4/21/2010 Bombus fervidus Queen 1 
 4/21/2010 Bombus affinus Worker 1 
 4/21/2010 unknown Queen 1 
 5/7/2010 Bombus bimaculatus Queen 1 
 5/7/2010 Bombus impatiens Queen 1 
 5/7/2010 Bombus griseocollis Queen 1 
Caesars Creek 4/23/2010 Bombus impatiens Queen 8 
 4/23/2010 Bombus griseocollis Queen 1 
 4/23/2010 unknown Queen 3 
 5/21/2010 Bombus impatiens Queen 1 
 5/21/2010 Bombus impatiens Worker 2 
 5/21/2010 Bombus bimaculatus Worker 5 
 5/21/2010 unknown Worker 3 
Hueston Woods 4/28/2010 Bombus impatiens Queen 6 
Fort Ancient 4/28/2010 Bombus impatiens Queen 2 
 4/28/2010 unknown Queen 3 
 5/28/2010 Bombus bimaculatus Queen 1 
 5/28/2010 Bombus bimaculatus Worker 10 
 5/28/2010 Bombus perplexus Worker 4 
 5/28/2010 Bombus fervidus Worker 1 
John Bryan State Park 4/29/2010 Bombus impatiens Queen 6 
 4/29/2010 Bombus bimaculatus Queen 2 
 4/29/2010 Bombus vagans Queen 1 
 4/29/2010 unknown Queen 2 
 5/10/2010 Bombus impatiens Queen 9 
 5/10/2010 Bombus bimaculatus Queen 3 
 5/10/2010 Bombus bimaculatus Worker 1 
 5/10/2010 Bombus griseocollis Queen 2 
 5/10/2010 unknown Queen 3 
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